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Palavras-chave Heterojunção maioria, células solares híbridas fabricadas em 
ambiente atmosphérico, eficiência de conversão do poder, EPR 
 
Resumo  Neste trabalho são estudadas células solares híbridas formadas por poli(3-
hexiltiofeno-2,5-diyl) (P3HT) como condutor orgânico de buracos e 
nanocristais de silício (Si-NCs) como conductor de electrões inorgânico. 
Células solares híbridas têm atraído muita atenção nos últimos anos 
devido ao facto de serem potencialmente fabricadas a baixo custo, a sua 
flexibilidade e baixo peso. As possibilidades de processamento em solução 
e ajuste da região espectral de absorção, a baixa toxicidade, e a 
abundância fazem dos Si-NCs um material atractivo para aplicação em 
células solares. Si-NCs de elevada qualidade podem hoje em dia ser 
produzidos em larga escala a partir da fase gasosa através da 
decomposição de silano num plasma. Embora a superfícies destes Si-NCs 
seja terminada com ligações Si-H durante a sua síntese, estes 
desenvolvem uma camada de óxido na superfície quando são expostos ao 
ar. Até agora, células híbridas de Si-NC/P3HT foram fabricadas com Si-
NCs que não foram expostos ao ar após a sua síntese e foram 
posteriormente estudadas em condições de atmosfera inerte, devido à 
expectativa de que a exposição ao ar resulta na sua degradação. No 
entanto, o processamento de dispositivos em atmosfera inerte impõe 
limitações em termos técnicos e custo. Nesta tese estudamos o efeito do 
processamento em atmosfera de ar na performance e degradação de 
células solares híbridas de Si-NC/P3HT. As células foram fabricadas em ar 
e em atmosfera de azoto e caracterizadas à temperatura ambiente e 
condições de exposição ao ar. Para produzir a células solares foram 
usados Si-NCs que foram expostos ao ar após a síntese e que por isso 
contêm uma camada de óxido na sua superfície. Para remover esta 
camada, nós usamos um método de erosão química com uma solução 
diluída de ácido hidroflurico (HF). Células solares fabricadas com uma 
mistura de 1:1 em percentagem de peso (wt.%) de Si-NC:P3HT não 
revelaram qualquer efeito fotovoltaico. Dispositivos fabricados com uma 
 mistura de 2:1 wt.% de Si-NC:P3HT mostraram efeito fotovoltaico, devido 
à formação de uma rede interpenetrara de Si-NC e P3HT em toda a 
extensão do filme foto activo, tal como revelado em imagens de 
microscopia electrónica de varrimento. Dispositivos fabricados em 
atmosfera inerte não revelaram uma performance melhorada em relação 
aos dispositivos produzido em atmosfera de ar, indicando que a fabricação 
das células solares em ar não é o factor determinante da performance das 
nossas células solares. Células solares que mostraram um efeitos 
fotovoltaico degradaram-se rapidamente por exposição ao ar. Em contrate, 
filmes de P3HT e de misturas Si-NC/P3HT, estudados em experiências 
separadas, não revelaram uma degradação significativa por exposição ao 
ar. Estes resultados indicma que a degradação das células solares não 
deve resultar da degradação da camada foto activa de Si-NC/P3HT, mas 
poderá resultar da degradação de interfaces entre as varias camadas que 
compõem as células. Medidas de ressonância paramagnética electrónica 
(RPE) foram levadas a cabo com os Si-NCs usados nas nossas células e 
com Si-NCs usados para fabricar as células estudadas em trabalhos 
publicados anteriormente por outros grupos. Estas medidas revelaram que 
o número de defeitos superficiais por nanocristal nos nossos Si-NCs é 
cerca de três ordens de grandeza superior ao número encontrado nos Si-
NCs usados anteriormente. Este facto poderá explicar a baixa 
performance fotovoltaica os nossos dispositivos. 
 
  
Key Words   Bulk heterojunction, air-processed hybrid solar cells, degradation, power 
conversion efficiency, EPR 
 
Abstract We study-air-processed organic-inorganic hybrid solar cells, which 
incorporate poly(3-hexylthiophene-2,5-diyl) (P3HT) as organic hole 
conductor and silicon nanocrystals (Si-NCs) as inorganic electron 
conductor. Hybrid solar cells have received a lot of attention in recent years 
due to their low cost, flexibility and lightweight. Solution processability, non-
toxicity, abundance and tunable absorption spectral range of Si-NCs make 
them attractive materials for application in solar cells. High quality Si-NCs 
can now a days be produced in large amounts from the gas phase 
decomposition of silane in a plasma. Although the surface of these Si-NCs 
is terminated with Si-H bonds immediately after synthesis, they develop an 
insulating native oxide shell after being exposed to air. So far, Si-NC/P3HT 
hybrid solar cells have only been fabricated using Si-NCs that have not 
been exposed to air after synthesis and afterwards characterized under 
inert atmosphere conditions due to the expectation that air exposure of the 
devices leads to their degradation. However, inert atmosphere processing 
has some technical and cost efficiency limitations. In this thesis, we study 
the effect of air-processing on the performance and degradation of solar 
cells based on Si-NC/P3HT. Hybrid solar cells were fabricated in air and 
under nitrogen ambient and characterized at room temperature under 
atmospheric air. To produce our solar cells we use Si-NCs that have been 
stored in air after plasma synthesis and, therefore, contain a native oxide at 
their surface. To remove this oxide layer we apply wet etching with a dilute 
hydrofluoric acid (HF) solution. Solar cells made from 1:1 wt.% (HF-etched 
Si-NC:P3HT) composition did not show detectable photovoltaic effect. A 
very small photovoltaic effect has been observed for devices made from 
2:1 wt.% (HF-etched Si-NC:P3HT) composition as a result of the formation 
of an interpenetrated network throughout the photoactive film at higher NC 
concentration as seen from scanning electron microscopy. Device 
fabrication under inert atmosphere did not result in improved solar cell 
performance. This shows that fabrication of the devices in air was not the 
main reason for the poor performance of the hybrid solar cells. Moreover, 
 solar cells that exhibited a photovoltaic effect were found to degrade within 
one day of air exposure. In contrast to this, the conductivity of P3HT, 
(unetched Si-NC)/P3HT and (HF-etched Si-NC)/P3HT films, studied in 
separate experiments, did not show significant degradation upon air 
exposure. These results indicate that the degradation of the solar cells is 
not due to degradation of individual photoactive layers, but could rather 
originate from degradation of interfaces between the different layers. 
Electron paramagnetic resonance measurements carried out with our Si-
NCs and with Si-NCs used in previous investigations of Si-NC/P3HT solar 
cells revealed that the number of surface defects per NC is about three 
orders of magnitude larger in our NCs than in those used in the previous 
investigations. This could be a reason for the poor performance of our Si-
NC/P3HT hybrid solar cells. 
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 Acronyms and Abbreviations 
AM   Air mass 
BHJ SC  Bulk heterojunction solar cell 
CB  Conduction band 
DSSC  Dye sensitized solar cell  
EPR  Electron paramagnetic resonance 
FTIR  Fourier transform infrared 
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PCE   Power conversion efficiency 
     PDDTT  Poly[5,7-bis(4-decanyl-2-thienyl)thieno[3,4-b]diathiazole-thiophene-2,5)] 
PEDOT:PSS Poly(3, 4-ethylene dioxythiophene):poly(styrene sulfonate) 
PPTTT  Poly[2,5-bis (3-alkylthiophene-2-yl)thieno[3,2-b]thiophene] 
PTAA  Poly(triarylamine) 
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PV   Photovoltaic 
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SEM  Scanning electron microscope 
Si-NCs  Silicon nanocrystals 
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1. Introduction 
1.1 Necessity of alternative energy sources  
The change in civilization life with energy resources and growth of world 
population at high rate increased the present energy consumption to a much 
high level [1]. Despite the limited supply of today’s main energy sources such as 
coal, oil, and natural gas, the release of greenhouse gases as a result of their 
combustion created an unprecedented environmental effect. Hence, the need of 
renewable and environmentally friendly energy sources is unquestionable. It is 
estimated that the worldwide energy supply in recent years is in the order of 20 
TW, which is about four orders of magnitude less than the energy that the sun 
radiates to the earth (about 105 TW) [2]. Hence, currently there is a very high 
need to replace the traditional energy sources with renewable energy sources, 
such as solar energy, wind energy, geothermal energy, and hydropower [1].  As 
a result, solar energy that converts light into electrical energy has been a great 
scientific issue in the present years. However, the cost of traditional photovoltaic 
(PV) modules, which demand extensive processing techniques and high 
materials purity, are unaffordable to be used as a common energy source.  
Despite the decrement of the cost of PV modules due to the advancement in 
current processing technologies, it is still expensive and has reached at a point 
where further price decrement is difficult, as crystalline silicon is too expensive.  
Under AM 1.5 illumination, power conversion efficiencies (PCE) higher than 20 
% have been reported for silicon and GaAs based photovoltaic (PV) cells 
despite their production cost and energy consumption during the fabrication 
process [3]. This superior efficiency of inorganic solar cells was mainly 
attributed to the reduced recombination losses as a result of the high intrinsic 
charge carrier mobilities that exist in inorganic semiconductors.   
Recently, organic-inorganic hybrid photovoltaic cells are among a hot topic of 
investigations due to their promising features such as low fabrication cost, 
flexibility, and lightweight [4]. Furthermore, solution processability, high hole 
mobility and strong visible absorption properties of conjugated polymers can be 
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combined with high electron mobility, high electron affinity and tunable optical 
properties of semiconducting nanocrystals to overcome the low power 
conversion efficiency of organic solar cells [4]. The main factors attributed to the 
low power conversion efficiency of organic solar cells are low carrier mobility, 
lack of absorption in the red/near infrared (NIR) part of the spectrum, poor 
environmental stability and excitonic character of photocarrier generation [5]. 
The binding energy of excitons is in the order of 0.1 eV, hence room 
temperature thermal excitation (25 meV) is too small to create free charge 
carriers [5]. Thus, it is necessary to select two materials with sufficient electron 
affinity differences, such that the electron goes to the material with high electron 
affinity and the hole goes to the material with low electron affinity after being 
dissociated at the donor/acceptor interface.  The exciton diffusion length is 
small for organic semiconductors, around 10 nm for poly(3-hexylthiophene) 
(P3HT); as a result nanoscale phase separation must be achieved between the 
active organic and inorganic semiconductors, that must be within the exciton 
diffusion length, otherwise the charge carriers will recombine before reaching to 
the donor/acceptor interface [5].  In addition to this, to collect the charge carriers 
at the respective electrodes there must be an electrically continuous path from 
the interface where the charge carriers are generated to the electrodes. If the 
size of organic/or inorganic domain is too small, it will be difficult to form 
continuous conduction path and hence the charge collection efficiency will 
decrease. On the other hand, if the domain sizes are too large, excitons will not 
be able to reach at the donor/acceptor interface limiting the performance of 
hybrid solar cells. Therefore, to achieve a solar cell with good power conversion 
efficiency, it is necessary to control the domain size.  
Hybrid solar cells based on blends of poly(3-hexylthiophene) (P3HT) and CdSe 
nanocrystals have been reported to have high power conversion efficiency 
(PCE > 2%) [6] compared to other hybrid solar cells reported so far.  Hybrid 
solar cells made using ZnO [7] and TiO2 [8] nanocrystals as electron 
transporting materials are reported to have remarkable efficiencies, but due to 
their wide bandgap they have poor visible absorption, as a result their 
performance is limited [9]. The use of silicon nanocrystals (Si-NCs) for 
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photovoltaic applications may be beneficiary from many aspects, such as, its 
non-toxicity, abundance, strong UV absorption and possibility of multiple exciton 
generation [9]. Moreover, the possibility of fabricating Si-NCs at a very high 
yield using low pressure microwave plasma reactor made them attractive 
material for solar cell applications [9]. In conjunction with Si-NCs, poly(3-
hexylthiophene) (P3HT) has been used due to its suitable energy alignment 
with Si-NCs, which is beneficial for the dissociation of excitons at the interface 
and its high absorption coefficient in the visible spectral range [9]. Lui et al.  
recently fabricated hybrid solar cells from P3HT and Si-NCs and studied the 
effect of Si-NC size and weight ratio on the performance of the hybrid solar cells 
[9]. Under simulated one-sun AM 1.5 direct illumination (100 mW/cm2), they 
reported the best power conversion efficiency (1.15 %) for devices made from 
Si-NCs having size 3-5 nm at 35 wt.% [9]. These devices have though been 
fabricated under conditions of O2 and H2O exclusion, which is technically 
problematic and costly.      
1.2 Objectives and structure of this thesis 
All hybrid solar cells reported so far are fabricated and characterized under inert 
atmosphere in a glove box. To the best of our knowledge the effect of device 
fabrication in air on the performance of hybrid solar cells was not fully 
investigated. The objective of this thesis is to investigate the effect of air 
processing on the performance of Si-NC/P3HT hybrid solar cells. We will relate 
the performance of the hybrid solar cells with the morphology of the photoactive 
film and finally we will investigate air degradation of the hybrid devices, and 
compare it with the behavior of P3HT film and Si-NC/P3HT film upon exposure 
to air.   
This thesis is organized into five sections: Introduction, Literature review, 
Experiments, Experimental data and discussion, and Conclusions. In the 
Literature review part operating principle and architecture of solar cells is 
outlined, and then organic/inorganic hybrid solar cells and potential of Si-NCs 
and P3HT for solar cell application are discussed. In the Experimental section 
characterization conditions of our experiments are briefly described.  In the 
section Experimental data and discussion UV-visible, FTIR and conductivity 
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data of Si-NCs, P3HT and Si-NC/P3HT films are presented and discussed. 
Moreover, the current-voltage characteristics of Si-NC/P3HT hybrid solar cells 
are discussed. Then, results of electron paramagnetic resonance measurement 
are shown. Finally, the conclusion and future direction are presented. 
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2. Literature Review 
2.1 Architecture and principle of operation of organic solar cells 
In organic solar cells, indium tin oxide (ITO) coated glass substrate is commonly 
used as anode due its transparency to light and commercial availability. On top 
of ITO, a thin layer of PEDOT:PSS is deposited to facilitate hole transport, to 
block electrons from reaching to the ITO layer, and to prevent the diffusion of 
materials from the ITO layer to the photoactive layer [10]. Then, a photoactive 
layer is deposited on top of PEDOT:PSS layer. The main light absorbers in 
organic solar cells are organic semiconductors hence, absorption of light leads 
to the generation of bound electron-hole pairs called excitons. To have useful 
electrical current, excitons should diffuse to the donor/acceptor interface where 
they get dissociated into holes and electrons and migrate through the 
photoactive layer towards their respective electrodes. Finally, aluminum contact 
has been deposited as cathode. 
The first organic solar cell was demonstrated through asymmetrical device 
configuration, where a single photoactive layer is sandwiched between two 
dissimilar electrodes [10]. One of the big challenges in organic photovoltaics is 
to dissociate photo generated excitons into electrons and holes and transfer 
these charge carriers out of the solar cell so that they can contribute to an 
electrical current.  In a single photoactive layer device, the built-in potential 
needed to migrate free charge carriers towards their respective electrodes is 
derived either from the difference in work function of the two electrodes or from 
the Schottky type potential barrier at one of the organic/metal contact [10]. The 
large series resistance associated with insulating nature of the organic layer 
and field dependent generation of charge carriers in organic photoconductors 
were considered to be responsible for the low power conversion efficiency of 
such devices [10]. Hence, the main drawback of this configuration was that, 
only excitons generated near to the electrodes will dissociate and contribute to 
the photocurrent. This limitation was later overcome by using donor-acceptor 
heterojunction, where the excitons generated will dissociate at the 
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donor/acceptor interface and the resulting free charge carriers will transport 
through the respective donor and acceptor material to be collected at the 
electrodes [10].  It was found that the time scale of photo-induced charge 
separation at the donor (organic polymer)/acceptor (C60) interface was nearly 
103 faster than non-radiative decay of photo-excitations [10]. This lead to the 
conclusion that replacing the single photoactive layer in conventional organic 
solar cells with a heterojunction layer can enhance the quantum efficiency of 
charge separation close to unity.   
Depending on their configuration, organic heterojunction photovoltaic devices 
can be grouped into two categories bilayer heterojunction solar cells and bulk 
heterojunction solar cells (BHJ SCs). In bilayer heterojunction photovoltaic cells 
the junction between the donor and acceptor is planar, Figure 2.1 (a). As a 
result efficient separation of charge carriers can only occur at the 
donor/acceptor plane interface. This means that excitons that are generated far 
from the donor/acceptor junction will recombine before reaching the 
heterojunction. On the other hand, in bulk heterojunction solar cells the 
photoactive layer was made by blending donor and acceptor materials, Figure 
2.1 (b). Bulk heterojunction (BHJ) is formed by interpenetrating donor/acceptor 
networks that are separated from each other at nanometeric scale forming a bi-
continuous donor/acceptor material. Hence, the separation of photo-induced 
charge carriers in BHJ SCs occurs throughout the photoactive layer overcoming 
the limitation of bilayer heterojunction devices.    
 
Figure 2.1: Schematic layout of a) bilayer photovoltaic cell and b) bulk heterojunction photovoltaic 
cell. 
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Thus, in the bulk heterojunction device the interface between the phases is 
maximized, so that excitons will be efficiently dissociated. In both 
configurations, the photo-generated current at the interface was found to be 
weakly dependent on the bias field. This overcomes the serious limitation of 
single layer organic solar cells providing high fill factor. Moreover, the nature of 
the interface at the heterojunction dictates both the magnitude and polarity of 
the open circuit voltage [10]. 
 In organic solar cells, optical absorption in conjugated polymers excites an 
electron from HOMO to LUMO of the donor material, leaving a hole behind, as 
shown in Figure 2.2. The electron-hole pair, also called exciton, will diffuse 
towards the donor/acceptor interface and gets dissociated. Then, the electron 
will be transferred to the LUMO of the acceptor which has a lower lying 
conduction band and migrate to the cathode, while holes transport to the anode. 
Both exciton dissociation and electron collection efficiency strongly depend on 
the morphology of the photoactive layer. Since the diffusion length of excitons in 
conjugated polymers is very small (about 10 nm), the phase separation 
between the donor and acceptor material must be in the order of a few 
nanometers. Moreover, there has to be electrically conductive paths for both 
charge carriers to collect them at their respective electrodes. 
 
Figure 2.2: Energy scheme illustrating the working principle of an organic photovoltaic (PV) device. 
Illumination results in generation of excitons, which separate at the donor/acceptor interface, 
followed by migration of photo generated charge carriers to their respective electrodes. 
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2.2 Hybrid solar cells 
Hybrid solar cells formed by incorporating both inorganic semiconductor 
nanocrystals and organic semiconductors combine the benefits from both 
classes of materials. The absorbance of nanocrystals can be tuned by materials 
selection and quantum confinement; moreover their shape and size can be 
controlled to optimize the performance of photovoltaic devices. These 
advantages of nanocrystals could be combined with the high absorption 
coefficient of organic semiconductors retaining solution processability of the 
organic/ inorganic blend. Figure 2.3 shows a simple classification of hybrid solar 
cells.  
 
Figure 2.3: Classification of Hybrid solar cells 
2.2.1 Metal oxide (MeO)– organic hybrid solar cells 
2.2.1.1 Dye sensitized and nanoporous MeO solar cells 
Dye sensitized solar cell (DSSC) based on nanocrystalline TiO2 was 
demonstrated for the first time in 1991 by O’Regan and Gratzel [11]. The 
reported efficiency of this solar cell was 7.1 %. Nanoporous TiO2 electrode was 
used to maximize the interfacial area between the dye and electrode resulting a 
tremendous increase in photoreaction area [12]. Power conversion efficiencies 
over 10 % have been reported in recent years upon careful control of the 
morphology of the porous nanostructured TiO2 film and appropriate choice of 
organic dyes [11]. Dye sensitized solar cells are composed of dye sensitized 
nanoporous TiO2 electrode deposited on a transparent conductive oxide (TCO), 
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pores filled with iodide (I-)/triiodide (I3-) redox couple electrolyte and platinum 
electrode, Figure 2.4 [11]. Under photon illumination, excited electrons 
generated in the dye will be injected to the conduction band of TiO2 and the 
injected electron will reach to the TCO electrode by diffusing through the porous 
TiO2 network [11].   Electrons will be supplied to the oxidized dye molecule by 
the liquid electrolyte (Iodide/ triiodide (I-/I3-)) redox couple within the pores in 
order to reduce the dye to its original state, as shown in Figure 2.4. The 
oxidized dye accepts electrons from I- to form I3-, and the I3- accept electron 
from platinum to form I-. Compared to other classes of hybrid solar cells, DSSCs 
have high power conversion efficiency (PCE). This high PCE value was 
attributed to the reduced recombination of charge carriers at the interface 
through a rapid compensation of electrons by the liquid electrolyte [11].    
    
 
Figure 2.4: Schematic of charge transport and interfacial transfer in DSSCs. D is dye, D* is excited 
state of the dye, and D+ is oxidized dye. 
 
The main drawback of DSSC is the presence of a liquid electrolyte, which plays 
a major role on device instability (sealing problem and facilitate degradation). 
This limitation was mitigated by replacing either the electrolyte with a p-type 
semiconductor or by replacing both the dye and electrolyte with conjugated 
polymers, such as polythiophene derivatives, which can accomplish the task of 
light absorption, electron injection and hole transport [5, 11]. Nanoporous metal 
oxide/polymer solar cells are similar to DSSCs except the dye and electrolyte in 
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DSSCs is replaced by conjugated polymers. Despite the huge surface area 
provided by the nanoporous TiO2 layer, the power conversion efficiency of such 
solar cells remained low as a result of inefficient filling of the pores, high 
recombination rate at the interface and reduction in hole mobility in infiltrated 
organic polymers, due to their twisted conformation in the nanosize pores [5].     
2.2.2 Inorganic-organic hybrid solar cells 
Inorganic-organic hybrid solar cells have been made using several types of 
semiconducting nanoparticles, such as nanocrystals, nanorods, tetrapods and 
hyperbranched nanoparticles [13]. It has been found that the power conversion 
efficiency of solar cells strongly depends on the morphology and size of 
semiconducting nanoparticles. Solar cells containing nanoparticles with 
moderate aspect ratio gave the highest power conversion efficiency, on the 
other hand, those containing nanoparticles with the highest aspect ratio, gave 
low PCE values [14].  This could be due to nanoparticles with very high aspect 
ratio tend to aggregate quickly limiting the separation and transport of charge 
carriers. Selected parameters of semiconducting inorganic nanocrystals used 
for photovoltaic applications are listed in Table 2.1. 
 
Table 2.1: Selected parameters of semiconducting inorganic nanoparticles used for photovoltaic 
applications, ECB, EVB , Eg are conduction band energy, valence band energy and bandgap energy 
respectively [9, 13, 15] 
Nanoparticle ECB (eV) EVB (eV) Eg (eV) Electron mobility (cm2/ Vs) 
ZnO -4.19 -7.39 3.20 4.00 
CdSe -3.71 -5.81 2.10 600 
PbSe -4.20 -5.02 0.82 2.5 
Si-NCs (3-5 nm) ̴ -4.1 ̴ -5.6 1.5  ---- 
 
Similarly, various organic polymers have been used for photovoltaic 
applications, which include: derivatives of vinylene backbones: poly[2-methoxy 
5-(2’-ethyl-hexyloxy)-p-phenylenevinylene (MEH-PPV), derivatives of thiophene 
backbones: poly(3-hexylthiophene) (P3HT), and poly[2,5-bis(3-alkylthiophene-2-
yl)thieno[3,2-b]thiophene] (PBTTT),  and poly(triarylamine) (PTAA), Figure 2.5.  
Important parameters of organic polymers used for the construction of hybrid 
solar cells are listed in Table 2.2.  
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Figure 2.5: Organic semiconductors commonly used to interface with inorganic semiconductors 
[13]. 
 
Table 2.2: Useful parameters of semiconducting polymers used for photovoltaic applications, ELUMO 
is energy of LUMO, EHOMO is energy of HOMO, and Eg = ELUMO-EHOMO is optical bandgap [13] 
Polymer ELUMO (eV) EHOMO (eV) Eg (eV) Hole mobility 
(cm2/Vs) 
PTAA -2.00 -5.00 3.00 10-4-10-3 
MEH-PPV -2.90 -5.30 2.40 10-4-10-3 
P3HT -3.00 -5.10 2.10 10-4-10-1 
PDDTT -3.60 -4.70 1.10 ----- 
PBTTT -3.60 -5.10 1.50 0.2-0.6 
 
Among all semiconducting organic polymers, P3HT is the most widely used due 
to its good solubility, processability, environmental stability and high hole 
mobility [16]. PTAA is less suited for photovoltaic applications due to its wide 
bandgap.   Although the solar energy is distributed from 300 to 1700 nm, Figure 
value (and PCE) decrease with increasing series resistance. The
latter can be calculated from I-V data of the type shown in Fig. 7
using the reciprocal of the gradient under open circuit
conditions, i.e., when [11] I=0. A desirable feature for PV
cells is to have minimal series resistance because this renders
the I-V curve more square-like, which will increase FF and
PCE. In addition, a parallel shunt resistance is also present.
Small shunt resistances result from significant leakage of the
current through and around the edges of the device. Th y
adversely affect device behaviour by decreasing [11] Voc. High
values of the shunt resistance are desirable.
3. Polymers used in the photoactive layer
3.1. Structure-property relationships
Structures for selected polymers used in nanoparticle–
polymer PV cells are shown in Fig. 8. (A discussion of the
synthetic methods used to prepare the polymers is beyond the
scope of this review and can be found elsewhere [21–23].) All
of the polymers are hydrophobic and have extensive conjuga-
tion. Table 2 gives parameters that are important from the
viewpoint of PV cell performance. With the exception of PTAA,
the polymers are used for photogeneration as well as charge
transport. (PTAA has a relatively large Eg value and is less
suited for photogeneration.) P3HT is the most widely used
semiconducting polymer for nanoparticle–polymer PVs. It has
been reported to have a conjugation length of ca. 20 units [24].
The EHOMO and ELUMO values for conjugated polymers are
usually determined from cyclic voltammetry (CV). The Eg
values are determined using UV-visible spectroscopy and/or the
difference between the EHOMO and ELUMO values determined
from CV. A complication for this area is that these Eg values are
not always identical [25,26].
The position of the HOMO levels is important for the PCE of
nanoparticle–polymer PVs as well as its stability to oxygen.
The ionisation potential of a conjugated polymer directly affects
Voc (below) as well as the stability to air. Previous studies have
shown that the ionisation potential should not be lower than [27]
ca. 5.2 eV otherwise the polymers are susceptible to oxidation
by O2. Generally the IP of a polymer can be tailored by adding
electron withdrawing or donating substituents to the main chain.
The HOMO-LUMO gap for a semiconducting polymer
generally decreases when (a) the extent of conjugation increases
or (b) when the degree of co-planarity increases. The HOMO-
LUMO gap can be decreased by favouring quinoid structures,
such as those obtained by fusion of thiophene with benzene,
e.g., in poly(isothianapthalene) [28]. The Eg values (Table 2) for
the polymers shown in Fig. 8 concur with these general design
Table 2
Selected parameters for semiconducting polymers used in PV cells a
Polymer ELUMO/
eV
EHOMO/
eV
Eg/eV Ref. Hole
mobility/
(cm2/Vs)
Ref. δpol/
MPa1/2
PTAA −2.00 −5.00 3.00 [83,84] 10−4–10−3 [83]
MEH-PPV −2.90 −5.30 2.40 [85] 10−4–10−3 [85] 18.6
P3HT −3.00 −5.10 2.10 [15,31] 10−4–10−1 [19,86] 18.0
PTV −3.10 −4.90 1.80 [87] 10−5–10−3 [88]
PDOCPDT −3.35 −5.15 1.80 [31,89] 10−4–10−3 [90]
PCPDTBT −3.57 −5.30 1.73 [26] 10−2 [26]
PBTTT −3.60 −5.10 1.50 [91,21] 0.2–0.6 [21]
PDDTT −3.60 −4.70 1.10 [92]
a In some cases values for the energy levels or band gaps were calculated using
Eg=ELUMO−EHOMO. The solubility parameters were obtained from Refs. [93,94].
Fig. 8. Structures of selected semiconducting polymers used in nanoparticle–
polymer PV cells. The full names are given in Table 1.
Fig. 7. Idealised depiction of current-voltage curves for an illuminated PV
device. The subscripts max, oc and sc refer to maximum, open circuit and short
circuit, respectively.
7B.R. Saunders, M.L. Turner / Advances in Colloid and Interface Science 138 (2008) 1–23
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2.6, organic semiconductors absorb only a part of the incident light owing to 
their larger bandgaps (> 1.9 eV). To overcome this limitation small bandgap 
conjugated polymers, such as PDDTT and PBTTT having spectral response 
from 300 to 1450 nm are recently reported [17]. 
The choice of materials for photoactive layer depends on the extent of exciton 
dissociation at the donor acceptor interface and their carrier mobility. 
Furthermore, miscibility between the donor and acceptor materials needs to be 
considered.  
 
Figure 2.6: Solar irradiation spectrum for AM 1.5 illumination [18]. 
2.2.2.1 Bilayer photovoltaic cell 
Tang et al. demonstrated bilayer type heterojunction solar cells for the first time 
in 1985 [19]. Unger et al.  recently reported bilayer heterojunction devices using 
TiO2 and [tris(dicyno-vinyl-2-thienyl)phenyl]amine layers as acceptor and donor 
materials, respectively [20]. They also investigated the effect of donor film 
thickness on the performance of the device. They found a maximum power 
conversion efficiency of 0.3 % for devices made with a donor thickness of 7.5 
nm, Figure 2.7.  
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Figure 2.7: (a) Current density J vs voltage V measurements for bilayer hybrid solar cells with 
varying donor layer thicknesses:  1 nm (a), 2.2 nm (b), 4.5 nm (c), 7.5 nm (d), and 23 nm (e) on 
dense TiO2. (b) Dependency of the open circuit voltage VOC (triangles) and fill factor (circles) on the 
donor layer thickness [20]. 
 
In such devices, the power conversion efficiency depends on charge collection 
efficiency, which on the other hand is field dependent process. After 
dissociation of charge carriers at the donor/acceptor junction, holes have to 
travel through the entire donor material to reach to the back contact. As a result, 
in the donor material there is a strong competition between charge transport 
and recombination of electrons and holes.  
Gunes et al.  also fabricated bilayer heterojunction hybrid solar cells using an 
electron and hole transporting layer of PbS nanocrystals and poly(3- 
hexylthiophene), respectively [21]. The structure of the device was 
glass/ITO/nc-PbS/P3HT/Au. The current density versus voltage plots of such 
devices both in semi logarithmic and linear scale are shown in Figure 2.8. 
 
Figure 2.8: I–V characteristics of ITO/PbS/P3HT/Au in (a) semi logarithmic and (b) linear scale [21]. 
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The reported solar cell parameters: short circuit current, open circuit voltage, fill 
factor and power conversion efficiency were 0.3 mA/cm2, 350 mV, 35 % and 
0.04 %, respectively. The absorption spectra of PbS and P3HT were compared 
with incident photon to current efficiency (IPCE) of the hybrid solar cell as in 
Figure 2.9.  
 
Figure 2.9: Comparison of the IPCE spectra with the absorption spectra of the individual 
components of P3HT/ PbS hybrid solar cell [21]. 
 
Despite the extended absorption spectrum of PbS nanocrystals having 
absorption edge around 850 nm, the power conversion efficiency of the hybrid 
solar cell remained too low due to the bilayer nature of the device. The 
maximum incident photon to current efficiency of this device was reported to be 
3 %. 
2.2.2.2 Bulk heterojunction photovoltaic cell 
Based on bulk heterojunction concept, a number of hybrid solar cells have been 
reported. Among them the current efficiency record of 2.2 % was held for 
CdSe/P3HT hybrid solar cells [6]. In this section, BHJ SCs and major factors 
affecting the performance of hybrid solar cells are reviewed.    
Greenham et al. demonstrated the first hybrid solar cell based on bulk 
heterojunction concept in 1996 by incorporating CdSe nanocrystals into MEH-
PPV. The reported power conversion efficiency of the hybrid solar cells for AM 
1.5 condition at 5 Wm-2 was 0.2% [22]. They also described the dependence of 
solar cell parameters on the size and concentration of semiconductor 
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nanocrystals.  Changing the size of semiconducting nanocrystals alters their 
bandgap, which in turn changes the absorption spectrum of the device.  On the 
other hand, nanocrystals concentration strongly affects the morphology of the 
photoactive film and hence affects the power conversion efficiency of the 
device.  They stressed the importance of phase segregation in the photoactive 
film to enhance the transport of electrons and holes to their respective 
electrodes without recombination. 
Nanocrystals with different structure and morphology have been used to 
fabricate hybrid solar cells based on bulk heterojunction concept. Figure 2.10 
shows transmission electron micrograph (TEM) of CdSe nanocrystals with 
different aspect ratio [23].  The shape and alignment of the nanocrystals were 
observed to affect the transport of charge carriers towards the cathode material. 
While the transport of electrons through a network of smaller nanocrystals is 
mainly dominated by hoping, nanocrystals with high aspect ratio can penetrate 
through a larger portion of the device facilitating the transport of electrons 
towards the cathode. 
 
Figure 2.10  TEM images of different shaped CdSe nanocrystals [23]. 
 
Kumar et al.  demonstrated a hybrid solar cell based on CdTe nanorods and 
MEH-PPV [24]. The reported power conversion efficiency of the hybrid solar cell 
was 0.05 %. The presence of insufficient percolation network, nanoparticle 
agglomeration and large phase separation were mentioned as the main reasons 
for the very low power conversion efficiency. Compared to CdSe/MEH-PPV 
hybrid solar cells, higher power conversion efficiency value was expected for 
CdTe/MEH-PPV hybrid solar cells. The absorption edge of CdTe nanocrystals is 
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located in the near infrared region, hence they absorb significant part of the 
solar spectrum as a result enhanced device performance was expected.  
Other nanocrystals such as PbS (Eg=0.37 eV) and PbSe (Eg=0.26 eV) were 
attractive materials for solar cell applications because of their ability to absorb 
over a wide range of spectrum, up to near infrared radiation of the sunlight [25]. 
However, their low bandgap was found to reduce the open circuit voltage 
significantly, which eventually affect the power conversion efficiency. Hence, 
although the use of low bandgap nanocrystals enhances photocurrent 
generation, the decrease in open circuit voltage has a strong effect on the 
power conversion efficiency [25].  
Hybrid solar cells based on oxide nanocrystals of ZnO have also been reported 
[26]. Compared to nanocrystals based on Pb and Cd, oxides nanocrystals are 
environmentally friendly and are relatively inexpensive. Ji et al.  demonstrated a 
hybrid solar cell containing an active layer made by blending nanocrystalline 
ZnO with regioregular P3HT [26]. They used both ZnO nanodots and nanorods 
to study how the morphology of the nanocrystals affects the performance of 
hybrid solar cells.  
 
Figure 2.11: FESEM images of a) ZnO nanodots and b) ZnO nanorods [26]. 
 
The structure of the device was, glass/ITO/PEDOT:PSS/70 wt.% nc-ZnO- 
P3HT/Al with an active area of 0.35 cm2. The current density versus voltage 
characteristics of the solar cell, which was carried out under a simulated AM 1.5 
illumination with highest power density of 100 mW/cm2, is shown in Figure 2.12. 
In Figure 2.12, hybrid solar cells made using ZnO nanodots have got a short 
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circuit current density and an open circuit voltage of 0.4 mA/cm2 and 0.22 V, 
respectively, with a power conversion efficiency of 0.036 %. The short circuit 
current density and open circuit voltage of devices made with ZnO nanorods 
were 0.16 mA/cm2 and 0.32 V respectively, and their power conversion 
efficiency was 0.020 %. The results showed that hybrid solar cells made from 
ZnO nanodots are 1.8 times more efficient than those made from ZnO 
nanorods. Although the use of nanorods can enhance the transport of electrons 
towards the cathode, the high surface area of ZnO nanodots, which is around 
ten times higher than ZnO nanorods, was found to play a dominant role for 
effective dissociation of excitons and transfer of charge from P3HT to ZnO 
nanodots.    
 
Figure 2.12: Current density–voltage (J–V) characteristic of nc-ZnO/P3HT solar cells under a 
simulated AM 1.5 illumination with light density of 100 mW/cm2 [26]. 
 
2.3 Potential of Si-NCs and P3HT for solar cell application 
The choice of acceptor materials for photovoltaic applications depends on the 
match between the energy levels of acceptor and donor materials, Figure 2.13. 
In addition to this the absorption band of nanocrystals needs to match better 
with the maximum irradiance of the solar spectrum, Figure 2.6, where the 
optimum direct bandgap was estimated to be 1.5 eV [27]. Studies show that the 
bandgap of Si-NCs having size greater than 5 nm is comparable to the bulk 
bandgap, 1.12 eV, while Si-NCs having size less than 5 nm exhibit wider 
bandgap as a result of quantum confinement effect [28].  The HOMO and 
LUMO of Si-NCs having size 4 nm was estimated to be -5.6 and -4.1 
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respectively relative to the vacuum energy level [6]. As the highest occupied 
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of 
P3HT are laying at -5.1 and -2.9 eV relative to the vacuum level, it can be used 
with Si-NCs for efficient dissociation of excitons at the interface [9]. Aluminium 
and ITO electrodes can be used for effective extraction of electrons and holes 
respectively due to their suitable work function values, Figure 2. 13. Liu et al.  
recently investigated the effect of varying Si-NC/P3HT weight ratio for different 
Si-NC sizes on the power conversion efficiency of Si-NC/P3HT hybrid solar cells 
[9].  They achieved a maximum power conversion efficiency of 1.15 %, 0.5 % 
and 0.18 % for solar cells made from 35 wt.% Si-NC/P3HT (nanocrystal size 3-5 
nm), 35 wt.% Si-NC/P3HT (nanocrystal size 5-9 nm), and 65 wt.% Si-NC/P3HT 
(nanocrystal size 10-20 nm) respectively [9].  They also observed that both the 
open circuit voltage and short circuit current increased with decreasing Si-NC 
size. Although only few large size Si-NCs are needed to make interconnected 
pathways for electrons, which can enhance to the charge collection efficiency, 
higher current density value has been obtained for smaller size Si-NCs. This 
implies that electron transport through the nanoparticles was not a limiting 
factor.  
 
Figure 2.13: Energy band diagram for Si-NC/P3HT hybrid solar cells. 
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2.3.1 Silicon nanocrystals 
Compared to other inorganic semiconductors, silicon nanocrystals are 
promising candidate for fabrication of hybrid photovoltaic devices because of 
their low production cost with a very high yield, non-toxicity, solution 
processability, high abundance and compatibility with conjugated polymers [14]. 
Moreover, the optical bandgap of silicon nanocrystals can be increased by 
decreasing their size due to quantum confinement effect as a result their 
absorption spectrum can be tuned [9], Figure 2.14.  
 
Figure 2.14: Variation of bandgap of silicon with size 
 
Various methods have been proposed for the synthesis of silicon nanocrystals 
including, thermal evaporation of Si or SiO, laser induced and plasma enhanced 
chemical vapour deposition (PECVD) [29].  Plasma based synthesis of silicon 
nanocrystals has attracted much attention in present years because of reduced 
risk of contamination and possibility of mass production with minimized particle 
agglomeration [9, 29]. Plasmas are grouped into nonthermal and thermal. The 
major difference between them is, while the later is in thermal equilibrium, the 
former is not in thermal equilibrium as the ions’ or radicals’ temperature is 
different from the temperature of electrons. Nonthermal plasma synthesis of 
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silicon nanocrystals from silane is becoming attractive as it can be done at 
reduced temperature.  
In a microwave nonthermal plasma synthesis, a high microwave (MW) power 
has been used to generate a very high electric field. This very high electric field 
will accelerate electrons to high energy under low pressure to induce 
nonthermal plasma. Due to their higher mass the energy of ions is much less 
than electrons. As a result of this energy difference, electrons are considered as 
hot (T=50,000 K) and ions or neutrals are considered as cold (T= 500 K). The 
precursor gas will dissociate as a result of collision with hot electrons. 
 
 Figure 2.15: Schematic drawing of the low pressure microwave reactor for the preparation of 
 silicon nanoparticles [29]. 
 
 
A typical setup for the preparation of Si-NCs is shown in Figure 2.15. The main 
parts of the reactor consist of a mixture of reaction and dilution gases inlet, 
microwave system with microwave generator, wave duct and microwave 
applicator, quartz glass tube, particle extraction chamber consisting of particle 
mass spectrometer (PMS) and pumping system. A microwave generator is used 
to create an electric field that can accelerate electrons at high energy to a gas 
under low pressure to excite and ionize the silane gas atoms. Hot electrons in 
the plasma are effective in dissociating silane precursor gas to form silane 
radicals. These radicals cluster chemically to form nanoparticles. In the quartz 
tube reactor the microwave energy is coupled into the inlet gases (SiH4, H2, Ar) 
to produce a flam-like plasma torch. The generated particles are separated from 
the exhaust gas through a molecular beam system and collected on a surface 
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[29].  A study showed that unsaturated SinHm clusters have high electron affinity 
[30]. As a result plasma electrons will be attached to the clusters and hence the 
clusters become negatively charged and electrostatically suspended in the 
plasma.  
The mean diameter of Si-NCs depends on the initial silane concentration, gas 
pressure and microwave power. Knipping et al.  found that the mean diameter 
of Si-NCs increased with increase in silane concentration and decreased with 
increase in microwave power [29].   
2.3.2 Poly (3-hexylthiophene) (P3HT) 
P3HT is the most widely used conjugated polymer for solar cell application. 
With the exception of its low solubility, which resulted due to the strong π-π 
interaction, polythiophene has excellent thermal stability (42% weight loss at 
900 0C), and high electrical conductivity (3.4 x 10-4 to 1.0 x 10-1 S/cm when 
doped with iodine). To increase the solubility of polythiophene in organic 
solvents, a flexible alkyl chain is attached at the polymer backbone. It was 
demonstrated that polythiophenes having an alkyl group greater than butyl can 
be melt, or solution processed into films [31]. It was also found that, upon 
oxidation poly(3-alkylthiophene) can have an electrical conductivity as high as, 
40 ± 5 S/cm [31]. As a result of the asymmetry of 3-alkylthiophene molecules a 
number of arrangements between adjacent thiophene rings is reported, Figure 
2.16.  
 
Figure 2.16: Classical synthetic methods lead to a number of regiochemical isomers [31]. 
  
Polymers made from random coupling between 3-alkylthiophene molecules are 
denoted as regiorandom or non-HT. On the other hand polymers made of 
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controlled HT couplings are termed as regioregular or HT. Regioregular poly(3-
alkylthiophene) (P3AT) has high electrical conductivity due to the planar 
arrangement of polymer backbone, which give rise to three dimensional self-
assembly, and hence enhanced inter-chain and intra-chain conductivity 
pathways. Regiorandom P3AT with HH couplings loss their conjugation as a 
result of increased torsion angle between the thiophene rings. The increase in 
torsion angle between thiophene rings widens the bandgap, which in turn 
degrades the electrical and optical properties of the polymer. 
For photovoltaic applications, shorter alkyl chains, hexyl and octyl are preferred 
as they have higher mobilities (0.03 – 0.05 cm2/Vs) due to the longer π-π 
overlap distance between polythiophene backbones. The electrical conductivity 
of 80% regioregular poly(3-hexylthiophene) samples  was reported to be 6 S/cm 
[31].  
In recent years, P3HT attracted lots of attention as a donor material in organic 
solar cells mainly due to its absorption edge around 650 nm, and its high hole 
mobility. Organic solar cells with best power conversion efficiencies 
approaching 5 % were made from blends of P3HT and fullerene derivatives 
[32].  
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3. Experiments 
3.1 Materials and chemicals 
Si-NCs with mean diameter of about 46.8 nm were obtained from Institut für 
Verbrennung und Gasdynamik, University of Duisburg-Essen, Germany. As 
produced and oxidized Si-NCs having a mean size of 3-5 nm were obtained 
from University of Minnesota, United States of America. The NCs were grown in 
a low pressure microwave plasma reactor by microwave induced decomposition 
of silane [33]. The mean diameter of Si-NCs was adjusted to 46.8 nm by 
adjusting the concentration and pressure of process gases and the microwave 
power. ITO coated glass substrates, having a dimension of 100 mm x100 mm 
x1.1 mm, were purchased from Optical Filters Ltd, UK. Poly(3,4ethylenedioxy- 
thiophene):poly(styrenesulfonate) (PEDOT:PSS) (1.3 wt.% dispersion in water) 
and regioregular Poly(3-hexylthiophene-2,5-diyl) were purchased from Sigma 
Aldrich. Cholorobenzene and cleaning agents, acetone and ethanol were also 
purchased from Sigma Aldrich.  
3.2 Etching of silicon nanocrystals  
As grown silicon nanocrystals are terminated with Si-H bonds, but form a native 
oxide layer upon exposure to air [34]. The formation of this insulating layer 
hinders the migration of electrons towards the cathode. To remove this 
insulating oxide layer, Si-NCs were etched in hydrofluoric acid (5 vol.% in water) 
for one minute by placing them on vacuum system using 0.1 µm polyvinylidene 
fluoride (PVDF) membrane filters (Millipore). The HF-etched silicon 
nanocrystals were rinsed with ethanol 2-3 times to remove the excess acid, 
afterwards filtered and dried under vacuum.  Ultrasonic treatment was used to 
release the nanocrystals from the filter and disperse them in chlorobenzene.  
 
Figure 3.1: HF etching of low-pressure plasma synthesized silicon nanocrystals. 
HF H 
SiO2 
Si-NC Si-NC 
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3.3 Equipments 
An ultrasonic bath (Bandelin Sonorex, RK255) having a power of 300 W and 
frequency of 40 KHz has been used for sonication. A spincoater (speedline 
Technologies model P6708) was used to deposit PEDOT:PSS, P3HT and Si-
NC/P3HT films onto ITO coated glass substrates.  This spin coater was 
obtained from APT GmbH, Germany. Dektak profilometer (Veeco 150) was 
used to measure the thickness of P3HT, PEDOT:PSS, and Si-NC/P3HT films. 
The vacuum oven used for annealing has been obtained from Fornos 
Electricos, Lda, Portugal.  
3.4 Characterization techniques 
In this section the working principles and experimental conditions of 
characterization techniques used to investigate hybrid solar cells are described. 
3.4.1 UV- visible spectroscopy 
A UV-3600 UV-VIS-NIR spectrophotometer was used to measure the optical 
transmittance of the different films making up the hybrid solar cell. This system 
is equipped with three detectors: a photomultiplier tube (PMT) for the UV-visible 
region (162 – 1000 nm), an InGaAs detector (700 – 1800 nm), and a PbS 
detector (1600 – 3300 nm) for the near infrared region. The radiation sources 
were tungsten filament for the region between 300 to 2500 nm and deuterium 
arc lamp for ultraviolet region, 190 to 400 nm. The instrument measures the 
light intensity passing through the sample, I, and compares it with the incident 
light, Io. The ratio between the intensities of the outgoing light to the incident 
light is called transmittance (T). The absorbance, A, is related to the 
transmittance through,  
 
3.4.2 Fourier transform infrared spectroscopy 
Fourier transform infrared (FTIR) spectroscopy is certainly an important tool to 
characterize the surface chemistry of nanoparticles in general and silicon 
nanoparticles in particular [34]. The FTIR technique is based on the interference 
between two infrared radiation beams. A beam splitter made of semi-reflecting 
film is used to divide the incident beam into two parts. The choice of beam 
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splitter material depends on the region to be examined. For mid-infrared regions 
(4000 to 400 cm-1) germanium coated potassium bromide (KBr) substrates are 
used.  The reflected beam travels to a fixed mirror and returns back; the 
transmitted beam travels to the moving mirror and returns back to the beam 
splitter. An optical path difference between the two beams reaching to the beam 
splitter is produced as a result of the moving mirror before they recombine and 
produce an interference pattern. The intensity of transmitted infrared radiation 
versus change of path length between the two beams yields an interferogram. A 
mathematical method of Fourier transformation is used to convert distance 
domains into frequency and vice versa. Absorption peaks in FTIR spectra occur 
when the frequency of vibration of the bonds between atoms match with the 
frequency of infrared radiation. These absorption peaks are unique and hence 
indicate the molecular structure of samples.   
The FTIR spectra were acquired in reflection mode at room temperature using 
an evacuated Bruker IFS 66v spectrometer. Potassium bromide (KBr) was used 
as beam splitter. The detector used was deuterium tryglycine sulfate (DTGS). 
200 scans have been accumulated in each measurement.  
3.4.3 Current-voltage measurements 
3.4.3.1 Electrical characterization of hybrid solar cells 
To analyse the I-V characteristics of solar cells it is useful to create a model as 
shown in Figure 3.2 [35]. 
   
 Figure 3.2: Equivalent circuit model for solar cells 
 
From Figure 3.2, the current produced by the solar cell is given by [35] 
                                                     (7) 
I 
RS 
RSH 
ID 
IL V 
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where IL is the photogenerated current, ID is the current flowing through the 
diode, and ISH is the current flowing through the shunt resistor.  
The voltage across the diode, which is the same as the voltage across the 
resistor RSH can be written as, 
                                                     (8) 
where Rs is the series resistance which accounts for Ohmic losses due to the 
bulk resistance of the photoactive layer and metallic contacts, V is the voltage 
across the output terminal, and I is the output current. 
The current through the diode is given by Shockley equation as, 
                                                     (9) 
where I0 is saturation current, n is the ideality factor, which provides information 
on the quality of junction, q is the charge, k is Boltzmann’s constant and T is 
temperature. 
 The shunt resistance (RSH), which accounts for the leakage of current across 
the heterojunction, is related to ISH by,  
                                                          (10) 
 Substituting Equations 8 – 10 in 7, the current-voltage characteristics of hybrid 
solar cells under illumination is given by, 
                                      (11) 
Solar cell parameters, such as, I0, Rs and RSH depend on the size of the solar 
cell, to exclude this effect the I-V characteristic equation of solar cells is usually 
written in terms of current density, J, as, 
                                  (12) 
where J0 is reverse saturation current density, JL photo-generated current 
density, and A is active area of the device. 
The J-V curve of solar cells under illumination has the shape shown in Figure 
3.3. From Figure 3.3, performance parameters of the solar cell can be 
determined. The short circuit current (ISH) is related to the short circuit condition 
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when the impedance is low and it is determined at zero applied voltage. For 
ideal solar cell, the short circuit current is equal to the photo-generated current. 
The open circuit voltage (VOC) is determined when there is no current passing 
through the solar cell. The power produced by the solar cell is given by, 
                                            (13) 
This power is zero at ISC and VOC and has a maximum in between. The power 
conversion efficiency, η, is the ratio of the output electrical power (Pout) to the 
solar power input (Pin) into the solar cell under standard test conditions, at 
temperature of 25 oC, and an irradiance of 1000 W/m2 with an air mass 1.5 
spectrum. 
                                         (14) 
The Fill factor (FF) is given by 
                                               (15) 
 
Figure 3.3: Shape of I-V curve for solar cells  
3.4.3.2 Equipment of the electrical measurements 
Current versus voltage characteristics for the hybrid solar cells and photoactive 
films were measured using a Keitley 228 A voltage current source and Keithley 
2000 multimeters. Air Mass 1.5 Global (AM 1.5) solar simulator with irradiance 
intensity of 1000 W/m2 has been used to measure the performance of the hybrid 
solar cells. A 50 W halogen lamp powered with Delta Elektronika ES 030-10 
power supply has been used as a light source. 
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3.4.4 Scanning electron microscopy 
Scanning electron microscope (SEM) has been used to study the morphology of 
Si-NC/P3HT photoactive films. To acquire SEM images, the photoactive films 
were scanned with a high-energy electron beam. The secondary electron 
produced as a result of the interaction of the electron beam with atoms near to 
the surface was used to reveal the details of the photoactive film at high 
magnification. A Hitachi SU-70 analytical scanning electron microscope (Japan) 
was used to record images of Si-NC/P3HT (1:1 and 2:1 wt.%) photoactive films 
and cross section of Si-NC/P3HT hybrid solar cells. The samples were 
sputtered with a thin layer of carbon to minimize the effect of charging.  
3.4.5 Electron paramagnetic resonance (EPR) 
EPR has been used to estimate the concentration of defects in oxidized and 
HF-etched Si-NCs. This technique is based on the interaction between unpaired 
electrons and a magnetic field. In the presence of an external magnetic field, 
either electron’s magnetic moment aligns parallel to the magnetic field (lower 
energy) or aligns antiparallel to the magnetic field (higher energy). Absorption of 
a microwave radiation (9 – 10 GHz) results in promotion of unpaired electrons 
from lower to higher energy state.  The absorption of microwave frequency 
gives EPR spectra, where the integrated intensity of the peak is proportional to 
the concentration of unpaired electrons and hence defects in the nanocrystals.    
EPR spectra were taken using Bruker ESP 300E EPR X-band spectrometer. 
15.1 and 9.1 mg of unetched and HF-etched Si-NCs respectively were inserted 
separately into small plastic tubes, which were sealed at one of their ends with 
epoxy glue. After compressing the nanocrystals, the other ends of tubes were 
sealed with a polytetrafluoroethylene (PTFE) tape.  The sealed tube containing 
Si-NCs was placed at the end of a quartz tube and then kept in the middle of 
the EPR resonator to acquire the spectra.  
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4. Experimental data and discussion 
4.1 Silicon nanocrystals 
A scanning electron microscope was used to investigate the shape and size of 
Si-NCs used for the fabrication of hybrid solar cells. FTIR measurements were 
also done to study the effect of HF etching on the surface structure of Si-NCs.   
4.1.1 SEM image of silicon nanocrystals 
For SEM analysis, suspensions of HF-etched Si-NCs in chlorobenzene were 
drop-casted onto ITO coated glass substrates. The resulting Si-NC films were 
dried in a vacuum oven at 120 oC for 20 minutes. Although the mean diameter 
of Si-NCs is 46.8 nm, from Figure 4.1 it can be clearly seen that there are few 
Si-NCs having size greater than 100 nm. These large Si-NCs settle fast and 
hence could facilitate Si-NC aggregation.  
 
Figure 4.1: SEM image of HF-etched Si-NCs; a) and b) are taken at different magnification. 
4.1.2 FTIR spectra of silicon nanocrystals 
To acquire the FTIR spectra, suspension of HF-etched Si-NCs in chlorobenzene 
was drop-casted onto a gold-coated polyimide Kapton substrate.  As shown in 
Figure 4.2, for HF etched Si-NCs the peak around 1111 cm-1 in the absorbance 
spectrum corresponds to Si-O-Si stretching vibration, which occurred as a result of 
the exposure of silicon nanocrystals film to air for 5 hours. The peak around 2084 
cm-1 can be decomposed into three major peaks that are related to Si-H stretching 
vibration of silicon hydrides, Si-Si–H3, Si2-Si-H2 and Si3-Si-H [34]. The appearance 
a) b) 
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of these peaks is expected as the silicon nanocrystals surface is terminated with 
Si-H bonds after HF etching. The peak at 2250 cm-1 corresponds to vibrational 
stretching of Si-H in the presence of oxygen back bonding (O3-Si-H). On the other 
hand the peak around 2197 cm-1 is attributed to vibrational stretching of Si-H in 
either O2-Si-H2 or O2-Si-Si-H [34]. In Figure 4.2, FTIR spectrum of HF-etched Si-
NCs is compared with the spectrum of unetched Si-NCs [36]. As shown in the 
figure, the relative intensity of Si-O-Si band reduced drastically after HF etching. 
Moreover, the intensity of Si-Hx band is higher than the intensity of O3-Si-H band 
for HF-etched Si-NCs. This shows that HF etching is effective to remove SiO2 
oxide layer.  
 
Figure 4.2: FTIR absorption spectra of non-thermal plasma prepared oxidized silicon nanocrystals 
(red line) and HF-etched silicon nanocrystals (blue line). The films were deposited from their 
suspension in chlorobenzene onto gold-coated Kapton polyimide substrate. The inset shows 
magnification of absorbance spectra from 2400 to 2000 cm-1. 
 
4.2 Poly(3,4 ethylene-dioxythiophene): poly(styrenesulfonate) 
(PEDOT:PSS) 
4.2.1 UV-visible absorption spectrum of PEDOT:PSS 
In hybrid solar cells, a thin layer of PEDOT:PSS was spin-coated onto ITO 
coated glass substrates to improve the transport of holes, as its work function is 
higher than ITO and lower than P3HT. However, as the illumination is done 
through the ITO side, the PEDOT:PSS layer should be transparent to AM 1.5 
illumination. To confirm this, the transmittance of a 100 nm thick PEDOT:PSS 
 Experimental data and discussion 
 
Study of air-processed Si-NC/P3HT hybrid solar cells 
 
____________________________________31___________________________________ 
film spin-coated onto ITO coated glass substrate was measured as a function of 
wavelength (Figure 4.3). The thickness of PEDOT:PSS layer used in most 
hybrid solar cells reported so far is between 50-100 nm. About 100 nm thick 
PEDOT:PSS film was found after spin coating 20 µL of PEDOT:PSS (as 
received 1.3 wt.% suspension in water) onto ITO coated glass substrate at 3000 
rpm for 30 seconds and annealing at 150 oC for 20 minutes. The thickness of 
the film was estimated using Veeco Dektak 150 surface profiler. The film was 
scratched with a needle to determine its height from the ITO layer. It can be 
seen that, the transmittance of PEDOT:PSS from 300 to 1000 nm is very high, 
as a result it is transparent to AM 1.5 radiation.  
 
Figure 4.3: UV-visible spectrum of PEDOT:PSS film deposited on ITO coated glass substrate. The 
UV-visible spectrum of ITO coated glass substrate was taken as a reference. 
 
4.3 Poly(3-hexylthiophene) (P3HT) 
UV-visible and FTIR measurements were done to confirm the optical absorption 
and chemical structure of P3HT films, respectively. Photo- and dark conductivity 
measurements were also done to investigate the stability of P3HT film in air.   
4.3.1 UV-visible absorption spectrum of P3HT film 
For UV-visible measurement, a solution of P3HT in chlorobenzene (10 mg/mL) 
was spin coated onto ITO coated glass substrate at 3000 rpm for 30 seconds 
and dried under vacuum at 150 oC for 20 minutes. The thickness of the resulting 
film was 65 nm. The thickness of the film was measured using Veeco Dektak 
150 surface profiler by scratching the film with a needle and measuring its 
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height from the ITO layer. Figure 4.4, shows the UV–visible absorption 
spectrum of a 65 nm thick P3HT film. The UV-visible spectrum of the P3HT film 
showed two peaks at 524 nm and 551 nm and one shoulder at 596 nm. These 
three bands can be attributed to the π–π* transition in crystalline π-stacking 
structure of P3HT [37].  
 
Figure 4.4: UV-visible spectrum of P3HT film deposited onto ITO coated glass substrate. The UV-
visible spectrum of ITO coated glass substrate was taken as reference. 
 
4.3.2 FTIR spectrum of P3HT film 
To acquire FTIR spectrum a solution of P3HT in chlorobenzene (10 mg/mL) 
was drop-casted onto a gold-coated polyimide Kapton substrate. Figure 4.5 
shows FTIR spectra of pristine P3HT film in the range from 4000 to 500 cm-1.  
The vibrational band at 818 cm-1 corresponds to out of plane vibration of =C-H 
which is characteristic of regioregular P3HT, where individual P3HT molecules 
are arranged in head to tail (2, 5-) configuration [16]. The vibration bands at 
2800 – 3100 cm-1 appeared due to C-Hx bonds in P3HT. The ratio of 
asymmetric and symmetric C=C stretching absorption peaks in P3HT at 1509 
and 1455 cm-1 was found to be related to the conjugation length [16].  The ratio 
of these two peaks for our P3HT film was 0.48, which is less than the value 
(0.53) reported for pristine P3HT used in [15]. This indicated that the P3HT we 
used for the fabrication of the solar cells should be less conductive.  
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Figure 4.5: FTIR spectrum of pristine P3HT, the inset shows asymmetric, 1509 cm-1 and symmetric, 
1455 cm-1 peak. 
4.3.3 Conductivity of P3HT film  
The photoelectric property of P3HT films was studied in a parallel 
photoconductivity measurement where, 5 µL solution of P3HT in chlorobenzene 
(10 mg/mL) was drop-casted onto interdigitated gold electrodes deposited on a 
polyimide substrate. The film was annealed at 120 0C under vacuum for 20 
minutes. The resulting thickness of the film was 1.77 µm. The current-voltage 
measurements were done in air.  The thickness of the film was determined 
using a profilometer.  
Figure 4.6 shows that the current through the P3HT film increase with air 
exposure time for both measurements done under AM 1.5 illumination and in 
dark, which could be due to crystallization of P3HT with time.  
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Figure 4.6: I-V characteristics of P3HT film drop-casted onto interdigitated gold electrodes; done 
under Am 1.5 illumination and in dark. The I-V measurement was done after exposing the film in air 
for 125, 165 and 198 minutes. 
 
For a film having thickness t, width w, and length L, the resistance R is given by 
€ 
R = ρ LA                                                     (4.1) 
where ρ is the resistivity and  A=wt is the cross sectional area of the film.  
From, Equation 4.1, the resistivity, ρ can be rewritten as, 
                              (4.2) 
where R=V/I, and σ is conductivity.  
For our film deposited onto interdigitated electrodes, L is the distance between 
the electrodes, 10 µm, w is the length of the electrodes, 2 mm, and t is the 
thickness of the film, 1.77 µm. From the I-V curve, the conductivity of P3HT film 
was calculated by taking the current at 20 V.  
Since the number of electrodes n, is equal to 112, the average conductivity of 
P3HT film can be written as, 
                                                      (4.3) 
Figure 4.7 a) shows the change in photo- and dark- conductivity of a P3HT film 
with air exposure time. Although the film was exposed to air for a long time, we 
did not observe degradation of conductivity rather an increase in conductivity 
has been observed. In Figure 4.7 b) the change in photo to dark conductivity 
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ratio with air exposure time is shown. From the figure it can be clearly seen that 
the photo to dark conductivity ratio decreased from 2.4 to 1.06 upon exposing 
the film in air for 360 h. The results show that although both the photo and dark 
conductivities of P3HT did not show degradation upon air exposure, the P3HT 
film losses its photosensitivity with air exposure time.  
a) b)  
Figure 4.7: a) change in photo and dark conductivity of P3HT film with air exposure time, b) change 
of photo to dark conductivity ration of P3HT film with air exposure time. The P3HT film was made 
by drop-casting 5 µL of P3HT solution in chlorobenzene onto Kapton substrate coated with 
interdigitated gold electrodes. The resulting film was annealed at 120 0C for 20 minutes in vacuum. 
The photoconductivity was measured under AM1.5 illumination an in dark. 
4.4 Si-NC/P3HT photoactive layers 
SEM was used to analyse the morphology of photoactive films made from HF-
etched Si-NC/P3HT (at 1:1 and 2:1 wt.%). HF-etched Si-NC/P3HT blends were 
made by dissolving 10 mg of Si-NC and 10 mg of P3HT (1:1 wt.%) in 1 mL of 
cholorobenzene and 20 mg of Si-NC and 10 mg of P3HT (2:1 wt.%) in 1 mL of 
cholorobenzene, respectively. It has been studied that the morphology of the 
photoactive film has a strong effect on the power conversion efficiency of the 
solar cells [38]. Moreover, it is believed that the degradation of the device is 
mainly due to degradation of the photoactive film. To investigate this we have 
studied the change of conductivity of the photoactive layer with air exposure 
time.  
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4.4.1 SEM imaging  
In Figure 4.8, (a) and (b) correspond to SEM images of HF-etched Si-NC/P3HT 
film at 1:1 wt.%, (c) and (d) correspond to SEM images of HF-etched Si-
NC/P3HT film at 2:1 wt.%. For SEM analysis HF-etched Si-NC/P3HT films were 
made by drop casting 10 µL of the blend suspension in chlorobenzene onto 
0.5x0.5 cm ITO coated glass substrates. All films were annealed at 120 oC for 
20 minutes in vacuum.  
 
 
Figure 4.8: SEM image of HF-etched Si-NC/P3HT blend drop-casted onto ITO coated glass 
substrate at 1:1 Si-NC:P3HT wt.%: a) at 3 µm, b) at 500 nm and at 2:1 Si-NC:P3HT wt.%: c) at 3 µm, 
d) at 500 nm.  
 
The morphology of photoactive films made from 1:1 (Si-NC/P3HT) wt.% did not 
show sufficient interpenetrated network throughout the photoactive layer, Figure 
4.8 a). On the other hand films made from 2:1 (Si-NC/P3HT) wt.% show the 
formation of interpenetrated network throughout the photoactive layer, Figure 
4.8 (c and d). This shows that the 2:1 wt.% concentration should be the better 
one for the solar cell devices.    
a) b) 
c) d) 
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4.4.2 UV-visible absorption spectra of HF-etched Si-NCs/P3HT (1:1 wt.%) 
film 
To acquire UV-visible spectra, suspension of Si-NC/P3HT (1:1 wt.%) in 
chlorobenzene was spin coated onto ITO coated glass substrate at 1500 rpm 
for 30 seconds and annealed at 150 oC for 20 minutes in vacuum. The resulting 
thickness of the film was 210 nm. The thickness of the film was measured using 
a profilometer. The spectrum of Si-NC/P3HT (1:1 wt.%) film is shown in Figure 
4.9. When compared with the spectrum of a pristine P3HT film, the spectrum 
shows a lower transmittance below 500 nm, which is probably due to light 
absorption in Si-NCs. 
 
Figure 4.9: UV-visible spectra of PEDOT:PSS (about 100 nm thick), P3HT (about 65 nm thick), and 
P3HT/ Si-NCs (about 210 nm thick) films spin-coated onto ITO coated glass substrate. The UV-
visible spectrum of ITO coated glass substrate was taken as reference.  
 
4.4.3 Conductivity of Si-NC/P3HT films made of HF-etched and unetched-Si-
NCs 
The photo and dark conductivities of HF-etched Si-NC/P3HT and unetched Si-
NC/P3HT films were measured to study the effect of air on the conductivity of 
the films. The films were made by drop-casting 5 µL of Si-NCs (HF-etched or 
unetched)/P3HT suspension in chlorobenzene (20 mg of Si-NCs + 10 mg of 
P3HT/mL of chlorobenzene) onto a polyimide substrate covered with 
interdigitated gold electrodes. The interdigitated electrodes contain 112 fingers 
with a length of 2 mm separated by 10 µm. All films were dried at 120 oC for 20 
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minutes in vacuum. The resulting thickness of the films was about 2.33 µm. The 
thickness of the films was determined using Dektak profilometer by measuring 
the height of the film from the polyimide substrate.  
The change of I-V curves of HF-etched Si-NCs/P3HT film with air exposure time 
is shown in Figures 4.10. As shown in the figure, both photo- and dark- current 
of Si-NC/P3HT film increase with air exposure time. This could be due to the 
improved ordering of P3HT chains with time, similar to what we proposed for 
the P3HT films.  
 
Figure 4.10: I-V characteristics of HF-etched Si-NC/P3HT film drop-casted onto interdigitated gold 
electrodes; done under AM 1.5 illumination and in dark after exposing the films in air for 14, 41 and 
76 minutes. 
 
The conductivity of both HF-etched and unetched Si-NC/P3HT films were 
calculated from the I-V curve using Equation 4.3 by taking the current at 20 V. 
The change in both photo- and dark- conductivity of pristine P3HT, HF-etched 
Si-NC/P3HT and unetched Si-NC/P3HT films with air exposure time are 
compared in Figure 4.11. The conductivity of pristine P3HT film was higher than 
the conductivity of HF-etched Si-NC/P3HT and unetched Si-NC/P3HT films by 
nearly one and two orders of magnitude, respectively. This could be due to the 
poor quality of the film and due to the presence of silicon nanocrystal 
aggregates, Figure 4.8, which can distract the ordering of P3HT chains and 
increase the resistance of the film.  
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Figure 4.11: Comparison of change in photo and dark conductivity of HF-etched Si-NC/P3HT (2:1 
wt. %), unetched Si-NC/P3HT (2:1 wt.%) and pristine P3HT films with time. The measurements were 
done in air. 
 
As shown in Figure 4.11, both the photo- and dark- conductivities of HF-etched 
Si-NC/P3HT film were higher than photo- and dark conductivity of unetched-Si-
NCs/P3HT film. The conductivity of both films increased with time for the first 
few hours and then became nearly stable over a long time. As shown in Figure 
4.12, the photo- to dark-conductivity ratio of HF-etched Si-NC/P3HT film is 
higher than the photo- to dark- conductivity ratio of unetched Si-NC/P3HT film. 
This indicates that HF etching of Si-NCs improved charge dissociation at Si-
NC/P3HT interface, and/or enhanced the transport of charge carriers through 
Si-NCs network.   
Although the conductivity of the films increases with air exposure time, the 
photo to dark conductivity ratio was found to decrease with air exposure time, 
Figure 4.12. This indicates that the photoactive films loss their photosensitivity 
upon air exposure. This could be related to degradation of the devices in air. 
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Figure 4.12: Change of photo- to dark- conductivity ratios of P3HT, HF-etched Si-NC/P3HT and 
unetched Si-NC/P3HT films with air exposure time. Conductivity measurements were done under 
AM 1.5 illumination and in dark in air.  
 
4.5 Si-NC/P3HT hybrid solar cells 
In this section the fabrication of Si-NC/P3HT hybrid solar cells is presented. 
Then results for I-V characterization of hybrid solar cells made from 1:1 and 2:1 
wt.% (Si-NC:P3HT) are presented and discussed.  
4.5.1 Fabrication of Si-NC/P3HT hybrid solar cells 
To fabricate the Si-NC/P3HT hybrid solar cells, indium tin oxide (ITO)-coated 
glass substrates were cut into 1 cm by 1 cm substrates and cleaned with 
acetone and ethanol. 20 µL of PEDOT:PSS (1.3 wt.% suspension in water) was 
spin-coated onto ITO-coated glass substrates at 3000 rpm for 30 seconds. The 
resulting PEDOT:PSS film was then annealed at 150 0C for 20 minutes under 
vacuum. The thickness of the film was about 100 nm. A hybrid blend was made 
by dissolving 10 mg of HF-etched Si-NCs and 10 mg of P3HT (1:1 wt.%) in 1 
mL of chlorobenzene. Hybrid blends were also made by dissolving 20 mg of 
HF-etched/unetched Si-NC and 10 mg of P3HT (2:1 wt.%) in 1 mL of 
cholorobenzene.  All blends were sonicated for 10 minutes to minimize 
agglomeration of Si-NCs. For all solar cells, the photoactive layer was made by 
spin coating 20 µL of the Si-NC/P3HT blend onto the PEDOT:PSS layer at 1500 
rpm for 30 seconds. The resulting Si-NC/P3HT films were annealed at 150 0C 
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for 20 minutes in vacuum. The top aluminium electrode was deposited on the 
photoactive layer by thermal evaporation of aluminium under vacuum lower 
than 10-5 mbar. The solar cells were then scribed with a needle to form smaller 
cells having an active area of 0.25 cm2. HF-etched Si-NC/P3HT hybrid solar 
cells were also made under nitrogen atmosphere following similar procedures 
except spin coating and annealing of the PEDOT:PSS and Si-NC/P3HT layers 
were done in nitrogen atmosphere.  
4.5.2 Current–voltage characterization of hybrid solar cells made from Si-
NC/P3HT with 1:1 wt.% 
Figure 4.13 shows the I-V characteristics of Si-NC/P3HT hybrid solar cells 
made from a blend prepared at 1:1 HF-etched Si-NC/P3HT wt.%. As shown in 
the figure, rectification behaviour has been observed both in dark and under 
illumination. As expected for these structures the current under illumination is 
higher than the current in dark. The rectification under illumination at ±2 V (I(+2 
V)/I(-2 V)) was 4.75. Although rectification behaviour has been seen, no 
detectable photovoltaic effect has been observed. The power conversion 
efficiency of hybrid solar cells strongly depends on exciton generation, exciton 
dissociation into free charge carriers and transport of charge carriers to their 
respective electrodes. All these steps depend on the morphology of the 
photoactive film. As the device fabrication and characterization was done at 
ambient conditions, degradation of the device due to oxygen and humidity could 
be expected. To see the effect of air exposure time on the I-V characteristic, we 
monitored this for different times, Figure 4.14. It can be clearly seen that after 
288 h, the I-V characteristics in dark and under AM 1.5 illumination are nearly 
identical. The main effect is that the photo-effect disappears. 
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Figure 4.13: I-V curves for hybrid solar cells made from a freshly prepared Si-NC/P3HT blend at 1:1 
Si-NCs: P3HT wt. %. I-V measurement was done 24 h after fabrication of the device in dark and 
under AM 1.5 illumination. The device was kept in a desiccator before I-V measurement. 
 
 
Figure 4.14: Comparison of I-V curves for the same device measured at 24 h and 288 h after device 
fabrication 
 
SEM cross sectional image of a hybrid solar cell made from 1:1 wt.%(Si-
NC/P3HT) is shown in Figure 4.15. From the figure, the thicknesses of Si-
NC/P3HT, Al contact and ITO layers were estimated to be 130 nm, 1.16 µm and 
142 nm, respectively.   
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Figure 4.15: SEM cross section of Si-NC/P3HT hybrid solar cell made from 1:1 wt.% (Si-NC:P3HT).  
 
4.5.3 Current–voltage characterization of hybrid solar cells made from Si-
NC/P3HT with 2:1 wt.% 
The I-V characteristics of the hybrid solar cells made at 2:1 (Si-NCs: P3HT) 
wt.% are shown in Figure 4.16. Measurements were done 1 h after production 
of the cells. During this time they were kept in air. The rectification under 
illumination at ±2 V (I(+2 V/I(-2 V))) was 4.01 and 3.1 for plots shown in Figure 
4.16 (a) and (b), respectively. In the present situation a very small photovoltaic 
effect was observed. The hybrid solar cell performance parameters are given in 
Table 4.1. 
   
142 nm 
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a)  
b)  
Figure 4.16: I-V curves for hybrid solar cells made from freshly made Si-NC/P3HT blend at 2:1 (Si-
NCs: P3HT) wt. % a) and b) corresponds to I-V curves for two devices made on the same substrate. 
In both cases the I-V behaviour around zero is shown in the inset plots. I-V measurements were 
done in air under A.M 1.5 illumination and in dark. 
 
Both the short circuit current and open circuit voltage we obtained are much 
lower than values obtained for the Si-NC/P3HT hybrid solar cells reported 
previously [9]. 
Figure 4.17 shows the comparison of I-V characteristics of HF-etched Si-
NC/P3HT hybrid solar cells done after exposing the devices in air for 1 h and 26 
h. The corresponding solar cell parameters are compared in table 4.1. From the 
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table it can be seen that the performance of the solar cells degraded after 
exposing the devices to air for nearly 26 hours.   
a) b)  
Figure 4.17: Comparison of I-V curves for the same device measured at 1 h and 26.10 h after device 
fabrication. The devices were kept in air after Al evaporation. The I-V measurements were done 
under AM 1.5 illumination and in dark. 
 
Table 4.1: 2:1 wt.% HF-etched Si-NC/P3HT solar cell performance parameters 
Device Air exposure 
time (h) 
Short circuit 
current (µA) 
Open circuit 
voltage (mV) 
Solar cell 
efficiency (%) 
Shown in 
Figure 4.17 a 
     1  -7.41 121.1 3.5 x 10-5 
Shown in 
Figure 4.17 a 
26  -3.55 76.61 1.1 x 10-5 
Shown in 
Figure 4.17 b 
1.1 -12.12 105.7 5.1 x 10-5 
Shown in 
Figure 4.17 b 
26.1 -1.19 55.65 2.6 x 10-6 
 
Furthermore, to investigate the degradation of HF-etched Si-NC/P3HT hybrid 
solar cells upon air exposure, the current at ±4.5 V was monitored with time. As 
shown in Figure 4.18, the current at ±4.5 V decreased quickly in the first four 
hours. This quick decrease could be due to air degradation of the device.   
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Figure 4.18: Air degradation of HF-etched Si-NC/P3HT hybrid solar cell. The current at ±4.5 V has 
been monitored to study the degradation of the solar cell with time.  
 
Figure 4.19 shows cross sectional image of a hybrid solar cells made from 2:1 
wt.% (Si-NC/P3HT). From the figure, the thicknesses of the photoactive layer 
and aluminium contact were estimated to be 410 nm and 1.2 µm, respectively.  
 
Figure 4.19: SEM cross-sections of a Si-NC/P3HT hybrid solar cell made from 2:1 (Si-NC/P3HT) 
wt.%. The thicknesses of the photoactive layer and Al contact are about 410 nm and 1.2 µm, 
respectively. 
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4.5.4 Current-voltage characterization of hybrid solar cells made from 
unetched Si-NC/P3HT with 2:1 wt.% 
For comparison, we have fabricated hybrid solar cells using unetched-Si-NCs. 
The corresponding I-V curve is shown in Figure 4.20. No photovoltaic effect has 
been observed for these solar cells. The rectification factor at ±2 V was found to 
be 13.9, which is much higher than the value calculated for solar cells made 
from HF-etched Si-NCs.   
 
Figure 4.20: I-V curve for hybrid solar cells made from un-etched Si-NC/P3HT blend at 2:1 (Si-NCs: 
P3HT) wt. The inset plot shows the I-V characteristics around zero. I-V measurement was done in 
air under A.M 1.5 illumination and in dark. 
 
Figure 4.21 compares air degradation of solar cells made from HF-etched and 
unetched Si-NCs. We monitored air degradation of the devices by measuring 
the I-V characteristics of the solar cells at different air exposure times and 
taking the current at ±4.5 V.  From the figure it can be seen that, solar cells 
made from HF-etched Si-NCs degrade at a faster rate than solar cells made 
from unetched Si-NCs. This could be a result of the oxidation of HF-etched Si-
NCs.  
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Figure 4.21: Comparison of air degradation of HF-etched/unetched Si-NC/P3HT hybrid solar cells. 
The current at ±4.5 V has been monitored to study the degradation of the solar cell with time. 
 
4.5.5 Current-voltage characterization of hybrid solar cells made from Si-
NC/P3HT with 2:1 wt.% (processed in nitrogen) 
To investigate whether the small photovoltaic effect in the hybrid solar cells was 
mainly due to the fabrication of the devices in air, both the deposition and 
annealing of PEDOT:PSS and HF-etched Si-NCs/P3HT films were done in a 
nitrogen filled glove bag. Despite the use of nitrogen filled glove bag, which 
minimizes the effect of oxygen and humidity, the hybrid solar cells showed a 
very small photovoltaic effect and their I-V curves were similar to hybrid solar 
cells fabricated in air, Figure 4.22. From this we conclude that the fabrication of 
the solar cells in air was not the critical reason for the low photovoltaic effect 
observed for our solar cells.  
 Experimental data and discussion 
 
Study of air-processed Si-NC/P3HT hybrid solar cells 
 
____________________________________49___________________________________ 
 
Figure 4.22: Comparison of I-V characteristics of Si-NC/P3HT hybrid solar cells fabricated in air and 
under N2 atmosphere. I-V measurement was done in air under A.M 1.5 illumination and in dark. 
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4.5.6 Discussion 
One reason for the absence of photovoltaic effect in devices made from 1:1 
wt.% (Si-NC/P3HT) blend could be due to the formation of insufficient 
interpenetrating network throughout the photoactive layer, Figure 4.8 (a) and 
(b), which contain Si-NC aggregates. The presence of Si-NC aggregates not 
only disrupt the crystallization of P3HT and hence decrease the hole mobility 
but also decrease the surface area of the nanocrystals decreasing the efficiency 
of exciton dissociation. From Figure 4.8 (a) and (b), it is evident that Si-NCs 
larger than 100 nm can facilitate aggregation and decrease the homogeneity of 
the photoactive film.    
In Figure 4.8 (c) and (d) it can be clearly seen that using 2:1 wt.% of Si-
NC/P3HT, resulted in improved interpenetrating network formation of Si-NCs 
throughout the photoactive film. As a result of this, the I-V curves for devices 
made from 2:1 wt.% showed higher photo and dark current values when 
compared to the photo and dark current values obtained for devices made from 
1:1 wt.% (Si-NC/P3HT). Hence, the formation of interpenetrating network 
throughout the photoactive film could enhance the dissociation of excitons and 
transport of charge carriers to their respective electrodes. 
Liu et al.  reported that both the open circuit voltage and short circuit current 
decreased with increase in size of Si-NCs. Smaller Si-NCs, 3-5 nm, which have 
a wider bandgap of about 1.5 eV as a result of quantum confinement effect, 
displayed the highest open circuit voltage, 0.75 V, because of the smaller band 
offset between the conduction band of Si-NCs and LUMO of P3HT [9]. This 
decrease in band offset reduced the voltage lost during exciton dissociation and 
hence enhance the open circuit voltage. The highest size of Si-NCs they used 
was 10-20 nm, and the corresponding open circuit voltage was about 0.3 V. The 
maximum open circuit voltage we achieved, 0.12 V, seems consistent with their 
finding, as the mean diameter of Si-NCs we used was about 46.8 nm. They also 
obtained higher short circuit current for devices made smaller Si-NCs (3-5 nm). 
Larger Si-NCs can make electron-conducting path with fewer number of Si-NCs 
hence reduction in hoping between Si-NCs was supposed to increase the short 
circuit current. They argued that the achievement of small short circuit current 
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for larger Si-NCs could be due to the formation of bottlenecks in, P3HT, which 
lowers its hole conductivity and the decrease in efficiency of exciton dissociation 
due to decrease in surface to volume ratio of the nanocrystals.    
As shown in Table 4.1, the short circuit current values obtained for our device 
are too small. This could be due to the presence of macroscopic aggregates, 
which can disturb the crystallization of P3HT and hence reduce the conductivity 
and reduced exciton dissociation efficiency due to decrease in surface to 
volume ratio of the nanocrystals, Figure 4.8 (c) and (d).  To investigate whether 
the small photovoltaic effect in these devices is related to the fabrication of the 
devices in air, device fabrication was made under inert atmosphere. However, 
no improvement in solar cell performance has been observed. This shows that 
fabrication of the devices in air was not the main reason for the poor 
performance of the hybrid solar cells. Moreover, solar cells that exhibited a 
photovoltaic effect were found to degrade upon exposure to air. In contrast to 
this, the conductivity of P3HT, (unetched Si-NC)/P3HT and (HF-etched Si-
NC)/P3HT films, studied in separate experiments, did not show significant 
degradation upon air exposure. These results indicate that the degradation of 
the solar cells is not due to degradation of individual photoactive layers, but 
could rather originate from degradation of interfaces between the different 
layers. 
4.6 Electron paramagnetic resonance (EPR) measurement of HF-
etched and unetched-Si-NCs 
The EPR technique was found to be effective in the determination of the 
concentration of impurities and defects in Si-NCs [33]. The room temperature 
EPR spectra we recorded for unetched and HF-etched Si-NCs are shown in 
Figure 4.23. As shown in the figure, a computer simulation was used to 
decompose the EPR spectrum of unetched Si-NCs into two contributions (i) 
axially symmetric paramagnetic state (dotted curve) and (ii) isotropic signal 
(dash curve). The best fit (red solid curve) was found for g=2.0055 for isotropic 
resonance and g┴=2.0087 and g//=2.0017 for axially symmetric defects, as it 
has been described in previous studies [33].  
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Figure 4.23: EPR spectra of un-etched Si-NCs with the fitted curved decomposed into isotropic and 
axially symmetric paramagnetic states and HF-etched Si-NCs where the EPR spectrum is 
dominated by isotropic contribution. The mean particles size of the nanocrystals used was 46.8 
nm.  The EPR spectrum shown for HF-etched Si-NCs was taken after exposing Si-NCs in air for 6.2 
hours. Both EPR spectra were normalized to the mass of the samples. The microwave frequency 
was 9.8733 GHz. 
 
While the origin of isotropic paramagnetic states are silicon dangling bonds (Si-
dbs) in a disordered environment, denoted as D centers, the axial paramagnetic 
state originates from Si-dbs (trivalent silicon atoms) at the interface between the 
crystalline core of Si-NCs and the SiO2 oxide shell, denoted as Pb-type defects. 
As shown in Figure 4.23, the EPR spectrum of HF-etched Si-NCs is mainly 
dominated by the signal from isotropic paramagnetic state, as a result of the 
removal of the oxide shell. The densities of defects of the two contributions 
were calculated from the integrated intensity of their corresponding EPR 
spectrum. Table 4.2 shows the total density of defects measured before and 
after HF etching of Si-NCs. As shown in the table, for our Si-NCs the total 
defect concentration after HF etching is one order of magnitude less than total 
defect concentration of oxidized Si-NCs due to the absence of EPR signal from 
axially symmetric paramagnetic states, Pb-type defects and decrease of the 
amount of D centers.  
The average number of defects per Si-NC, which was calculated taking into 
account the measured intensity of defects and the Si-NCs size, are 31.6 and 3.2 
for the oxidized and HF-etched Si-NCs respectively. 
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For comparison, we have also done EPR measurements for as grown and 
oxidized Si-NCs (having a mean diameter of 3 – 5 nm) from the same source as 
those used by Liu et al. [9]. As shown in Table 4.2, the amount of defects in the 
Si-NCs used by Liu et al. is much lower than the amount of defects present in 
our Si-NCs.  
In Si-NCs, the energy states of single dangling bonds at the interface between 
the crystalline core of Si-NC and SiO2 layer (energy of interfacial traps) is 
located in the middle of the bandgap. These trap states in Si-NCs can 
effectively capture photogenerated electrons and hence decrease the 
performance of Si-NC/P3HT hybrid solar cells. As a result, the achievement of a 
very small or no photovoltaic effect in our Si-NC/P3HT hybrid solar cells could 
be due to the higher amount of defects per particle in our Si-NCs.    
 
Table 4.2: Density of defects and number of defects per particle for our Si-NCs before and after HF 
etching, and Si-NCs used in [9]. 
Si-NCs Density of defects/ cm2 Defects per Si-NCs 
Unetched Si-NCs 5.19 x 1011 31.6 
HF-etched Si-
NCs 
5.33 x 1010 3.2 
As grown 3-5 nm 
Si-NCs  
(0.7 - 8.25) x 1010 0.001 - 0.080 
Oxidized 3-5 nm 
Si-NCs  
(0.2 - 1.5) x 1011 0.002 - 0.143 
 
A large increase in total defect concentration of HF-etched Si-NCs has been 
observed after exposing our Si-NCs to air for nearly 10 hours, Figure 4.24. 
Defect concentrations due to axially symmetric paramagnetic states are the 
ones that are strongly affected with oxidation of the nanocrystals.  
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Figure 4.24: Change of isotropic defect concentration [D-center], axially symmetric defect 
concentration [Pb-type] with air exposure time, and total defect concentration [Pb-type + D-center] 
before and after HF etching of our Si-NCs. The time axis is in log scale. 
 
Figure 4.25 compares the change of intensity of Si-O-Si FTIR absorption peak 
[36] and change of total defect concentration of HF-etched Si-NCs with air 
exposure time. As shown in the figure, a rapid increase in intensity of Si-O-Si 
FTIR peak and in EPR intensity of total defect concentration of HF-etched Si-
NCs has been observed after exposing the Si-NCs film nearly for 10 hours.  
 
Figure 4.25: Comparison of change of Si-O-Si FTIR absorption peak intensity (red curve) and defect 
density (black curve) of HF-etched Si-NCs with air exposure time. 
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5. Conclusions and Outlook 
5.1 Conclusions 
Fabrication of Si-NC/P3HT hybrid solar cells under nitrogen and at ambient 
conditions has been carried out. Si-NCs were used in conjunction with P3HT 
because of their appropriate electron affinity and ionization potential differences, 
which are responsible for dissociation of excitons and generation of 
photocurrent. As a result of this, high photo- to dark- conductivity ratio has been 
obtained for HF-etched Si-NC/P3HT films. As a result of incorporation of Si-NCs 
into the polymer without sacrificing their solution processability, the 
transmittance (below 500 nm) of Si-NC/P3HT film is less than the transmittance 
of pristine P3HT film. No detectable photovoltaic effect has been observed for 
devices made at 1:1 wt.% (Si-NCs: P3HT). This could be due to the formation of 
insufficient interpenetrated network between inorganic (Si-NCs) and organic 
semiconductor (P3HT) phases, as confirmed by SEM. The formation of 
interpenetrated network was improved by increasing the concentration of Si-
NCs in the blend, 2:1 wt.% (Si-NCs:P3HT). Devices made from 2:1 (HF-etched 
Si-NCs:P3HT) wt.%  showed a photovoltaic effect. The corresponding solar cell 
parameters: open circuit voltage (VOC) and short circuit current (Isc), and power 
conversion efficiency (PCE) were 106 mV, 12.12 µA, and 5.1 x 10-5 % 
respectively. To study whether this very small photovoltaic effect was due to the 
fabrication of devices in air, device fabrication was done in a glove bag purged 
with nitrogen. By doing so, no improvement in solar cell performance has been 
found. Showing that, air processing is not the limiting factor. Moreover, the I-V 
characteristics of the hybrid solar cells found to degrade quickly upon air 
exposure. To study the performance and degradation of the solar cells in detail, 
the change in conductivity of P3HT, unetched Si-NC/P3HT and HF-etched Si-
NC/P3HT films with air exposure time was monitored. Although the conductivity 
of the Si-NC/P3HT blend was less than the conductivity of pristine P3HT film, 
the photo- to dark conductivity ratio of the blend was higher than that of pristine 
P3HT film. Moreover, the photo and dark conductivity as well as photo- to dark 
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conductivity ratio of HF-etched Si-NC/P3HT film was higher than unetched Si-
NC/P3HT film. This improvement could be due to enhanced conductivity of Si-
NCs as a result of removal of the insulating SiO2 layer and much lower 
concentration of defects present in HF-etched Si-NCs, as confirmed through 
EPR measurement.  Conductivities of P3HT, unetched Si-NC/P3HT and HF-
etched Si-NC/P3HT films did not show significant change for a long time upon 
exposure of the films to air. Hence, the rapid degradation of the solar cells is not 
directly related to degradation of the photoactive film. This shows that the 
stability of the solar cells should rather be affected by changes in the interface 
between the different layers in the solar cells. EPR results showed a high 
concentration of defects (about 32 per particle) in Si-NCs, which decreases by 
one order of magnitude after HF-etching. For HF-etched Si-NCs, a drastic 
change in defect concentration has occurred after exposing them to air for 
nearly 10 hours. This drastic change in defect concentration in HF-etched Si-
NCs is in agreement with the increase in intensity of Si-O-Si FTIR band. The 
poor performance of Si-NC/P3HT hybrid solar cells could be due to high 
concentration of defects, as they trap photo generated electrons and hence 
decrease the short circuit current. 
5.2 Future work 
Thermal annealing could be used to reduce the concentration of defects on the 
surface of Si-NCs [39]. Hence the effect of varying defect concentration on the 
performance of Si-NC/P3HT hybrid solar cells could be studied. The 
morphology of the photoactive films could be optimized in order to get 
homogenous interpenetrated network throughout the photoactive film. 
Moreover, the relationship between photosensitivity losses with structural 
degradation of the photoactive films in air could be studied in detail.   
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